The c-type cytochromes are electron carriers involved in aerobic respiration with organic and inorganic electron donors, in anaerobic respiration with nitrogen and sulfur compounds as terminal electron acceptors, and in photosynthetic electron transfer chains (14, 31) . They are defined structurally by the covalent linkage of the protoheme IX prosthetic group(s) to the apoprotein. In mitochondria and most probably also in bacteria, enzymes called cytochrome c heme lyases or holo-cytochrome c synthases catalyze the formation of thioether bonds between cysteinyl residues in the apoprotein and the vinyl side chains of protoheme IX (10, 11) . The heme attachment site forms a conserved sequence motif in the apoprotein: Cys-Xaa-Yaa-Cys-His. The histidyl residue in this sequence serves as the fifth ligand of the heme iron; the sixth ligand is usually provided by a methionyl residue. A characteristic feature of prokaryotic c-type cytochromes and probably the reason for the evolution of a covalent heme linkage is the location of the cytochromes at the periplasmic or, more generally, extracytoplasmic side of the cell membrane (13, 49) . This holds true not only for the soluble forms but also for the heme-binding domain of membrane-bound representatives such as cytochrome c1 (43, 45) . Consequently, all these proteins have to be translocated across the cytoplasmic membrane. Recently, a set of genes which appear to be involved in this process and may help to resolve the complex biogenesis of the c-type cytochromes in bacteria was discovered (33) .
Owing to a comparatively simple purification process, the soluble c-type cytochromes were (and are) preferred objects for research, which has led to a wealth of information on them (28, 31) , whereas corresponding data on membranebound forms are less abundant and were obtained primarily with cytochrome c1, a constituent of ubiquinol-cytochrome c-oxidoreductase (43) . This discrepancy is documented im-* Corresponding author.
pressively by the fact that primary sequences are known for more than 170 soluble c-type cytochromes but for only about 20 membrane-bound representatives.
Bradyrhizobium japonicum, the organism studied in our laboratory, is a diazotrophic gram-negative soil bacterium which derives its energy via respiration both as a free-living organism and as a nitrogen-fixing endosymbiont in the extremely microaerobic environment of soybean root nodules. During free-living aerobic growth, the organism possesses a respiratory chain similar to that of mitochondria: 2[HI-> UQ-*FeS/bcl--+c--+aa3-*02. The genes for the cytochrome bc1 complex (fbcFH) and for subunit I of cytochrome aa3 (coxA) have been cloned and sequenced, and mutations in all these genes have been characterized (7, 18, 40, 41) . In addition, a Tn5-induced mutant described recently (B. japonicum COX122) lacked a single membrane-bound c-type cytochrome with an apparent molecular weight of 20,000 (20K protein), while cytochrome c, and all the soluble c-type cytochromes were still present (7) . Since grown aerobically at 28°C in peptone-salts-yeast extract (PSY) medium (35) . Antibiotics were added at the following concentrations (in micrograms per milliliter): chloramphenicol, 10; kanamycin, 100; spectinomycin, 100; streptomycin, 100; and tetracycline, 60. In PSY agar plates, the tetracycline concentration was 120 ,ug ml-l. Escherichia coli was routinely grown at 37°C in Luria-Bertani medium (36) . E. coli JM101 was cultured as described in the Amersham protocol (3) . Antibiotics were added at the following concentrations (in micrograms per milliliter): ampicillin, 100; kanamycin, 50; and tetracycline, 10. Recombinant DNA work. For routine work with recombinant DNA, established protocols were used (36) . Radioactive labeling of DNA probes was done by random priming (12) . Homologous hybridizations were performed at 67°C with 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Filters were washed in 2x SSC-0.1% sodium dodecyl sulfate (SDS) at 67°C and subsequently in 0.2x SSC-0.1% SDS at room temperature. Chromosomal DNA from B. japonicum was isolated essentially as described previously (21) . Lambda DNA was isolated as described elsewhere (20) .
DNA sequence analysis. Appropriate restriction fragments of plasmid pRJ3412 were cloned into the M13 vectors mpl8 and mpl9. The sequence was determined by using the dideoxynucleotide chain termination method (37) . The protocols and equipment for automated DNA sequencing were applied (Sequencer 370 and M13-specific fluorescent primers from Applied Biosystems, Foster City, Calif.). Additional sequence information was obtained from DNA flanking the right IS50 element of TnS in mutant COX122. This was done by double-strand sequencing of plasmids pRJ3407 and pRJ3409 with a Tn5-specific oligonucleotide primer (39) and the universal M13 primer. Computer-assisted DNA and protein sequence analyses and alignments were performed by using the Genetics Computer Group of the University of Wisconsin and the PC GENE (Genofit, Geneva, Switzerland) software packages.
Marker exchange mutagenesis. The TnS-containing 8.0-kb EcoRI fragment from the B. japonicum mutant strain C0X122 was cloned into plasmid pSUP202 and transferred into the B. japonicum wild type via conjugation, with E. coli S17-1 as donor. Exconjugants were selected for kanamycin and streptomycin resistance and screened for tetracycline sensitivity. To confirm the genomic structures of the mutants, chromosomal DNA of selected clones was analyzed by appropriate Southern blot hybridizations.
Genetic complementation. A 3.0-kb BglII-HindIII fragment of pRJ3412 containing the cycM gene was cloned into pRK290Pol2, yielding pRJ3413. The recombinant plasmid or the vector alone (control) was transferred from E. coli RR28 to B. japonicum 110spc4 and COX122 by triparental matings that used the helper plasmid pRK2013.
Phenotypic analyses. Oxidase activities of whole cells were tested with tetramethyl-p-phenylenediamine as described elsewhere (7). In vivo difference spectra (dithionite-reduced samples minus air-oxidized samples) for the analysis of cytochromes were recorded with a Shimadzu UV-3000 spectrophotometer as reported previously, except that the scan speed was increased to 600 nm min-1 (7) . Preparation of membranes, SDS-polyacrylamide gel electrophoresis, and heme staining with o-dianisidine were performed as described elsewhere (16, 41) .
Nucleotide sequence accession number. The nucleotide sequence reported in this article has been submitted to the GenBank data library and assigned the accession number M77189. 
RESULTS
Confirmation of mutant COX122 and cloning of wild-type gene region. B. japonicum COX122 had been shown previously to possess a single TnS-containing EcoRI fragment of 8.0 kb (7). This fragment was cloned and marker-exchanged into the wild-type genome. The resulting strain exhibited the same features as COX122; i.e., it was oxidase negative and lacked the membrane-bound 20K c-type cytochrome, and the in vivo difference spectrum (reduced sample minus oxidized sample) was almost identical to that of COX122. This proved that the TnS insertion was the sole cause of the observed phenotypes.
The fact that a single c-type cytochrome was missing in strain COX122 suggested that TnS had disrupted the structural gene for this protein. To find the corresponding wildtype gene, the TnS-containing EcoRI fragment (cloned in the Bluescript vector pKS+: pRJ3405) was used as a hybridization probe to screen a genomic library of B. japonicum 110spc4 DNA that was constructed in the lambda EMBL4 vector (17) . Four hybridizing recombinants were detected, and two of them were analyzed further. Hybridization of pRJ3405 to DNA from both lambda clones and to chromosomal DNA from the B. japonicum wild type resulted in identical bands: a 2.2-kb EcoRI fragment that corresponded to the 8.0-kb Tn5-containing fragment of mutant COX122, a 3.3-kb XhoI fragment, and a 10.5-kb BamHI fragment. The XhoI fragment was subcloned in vector pSK+, yielding pRJ3412 (Fig. 1) .
Compemnentation studies. In order to prove that the cloned DNA was able to complement B. japonicum COX122, a 3.0-kb BglII-HindIII fragment from pRJ3412 ( Fig. 1) was cloned in the broad-host-range vector pRK290Pol2, resulting in plasmid pRJ3413, which was then mobilized into the B. japonicum wild type and into the mutant strain. The plasmidharboring strains were tested for oxidase activity, cytochrome content, and expression of the membrane-bound 20K c-type cytochrome. In the cytochrome c oxidase test with tetramethyl-pphenylenediamine, the presence of pRJ3413 in the wild type caused a delay of the reaction: blue coloration of cells occurred only within 25 s rather than within the usual 5 to 10 s. The reason for this delay is unknown. Plasmid-carrying mutant cells also stained blue within 25 s in contrast to the >50 s required for the plasmid-free mutant. Thus, despite an altered wild-type phenotype, complementation of COX122 was apparently successful. The cytochrome content was investigated by in vivo difference spectra (dithionite-reduced samples minus air-oxidized samples) (Fig. 2) . In the wildtype background, the presence of pRJ3413 caused a significant increase in c-type cytochromes (peaks at 522 and 551 nm) which was accompanied by a slight decrease in b-type cytochromes ("shoulders" at 530 and 560 nm). The 602-nm cytochrome aa3 peak remained unalfected. In the mutant COX122 background, two changes were observed when pRJ3413 was present: (i) a strong increase in the amount of c-type cytochromes, which were significantly reduced in COX122 compared with the wild type; and (ii) the reappearance of the 602-nm cytochrome aa3 peak that was missing in COX122. Overall, the spectrum was thus identical to that of the wild type harboring pRJ3413. Since the amounts of cytochrome aa3 appeared to be almost identical in the wild type and the complemented strains whereas the amounts of c-type cytochromes were clearly increased in the latter, it was concluded that pRJ3413 was responsible primarily for the expression of a c-type cytochrome and that the reappearance of aa3 in the mutant strain was a secondary effect. For an analysis of c-type cytochromes, the membrane fractions of different strains were separated by SDS-polyacrylamide gel electrophoresis, and the proteins containing covalently bound heme were detected by a heme-specific staining procedure using o-dianisidine. As shown in Fig. 3 , the 20K c-type cytochrome which was missing in COX122 (lane 3) reappeared in the presence of pRJ3413 (lane 4). In the wild type (lanes 1 and 2) , the presence of pRJ3413 appeared to have altered the staining intensity of the 20K protein relative to that of cytochrome c1, suggesting an increased expression of the former.
DNA sequence analysis. The 0.75-kb EcoRV-NruI fragment shown in Fig. 1 was sequenced on both strands. The sequence beginning at the EcoRV site and ending at the NruI site is shown in Fig. 4 . An open reading frame of 552 nucleotides which started with an ATG codon at position 118 was found; however, it was not preceded by a well-conserved Shine-Dalgarno-like sequence. The open reading frame stopped with a TAA codon at position 670 and, at a distance of 30 nucleotides, was followed by a potential stem-and-loop terminator structure with a calculated free energy of (,AG0 [25°C]) of -101.3 kJ/mol (estimated by the method of Tinoco et al. [42] ). The exact position of the TnS insertion in mutant COX122 was determined by sequencing a clone (pRJ3407) containing the junction between TnS and B. japonicum DNA. The transposition of TnS involved the formation of a 9-bp direct repeat of the flanking DNA (4, 41), which in COX122 corresponded to the sequence 5'-GAAT AAGAT-3' (positions 135 to 143). On the basis of this observation, the Tn5 insertion was located precisely between positions 143 and 144 (Fig. 4) , i.e., within the coding region. The name cycM was chosen previously for this gene because of the lack of a membrane-bound cytochrome c in mutant COX122 (7) .
The cycM gene product. A hydrophobicity plot of the protein revealed the presence of a single hydrophobic domain at the amino-terminal end (Fig. 5 ). This stretch of amino acids (positions 9 to 31) was predicted by the methods of Rao and Argos (34) precursor, a protein-internal signal peptide which is absent in the mature protein (40) . The signal peptides are essential for the transport of the heme-binding domain, if not the complete protein, to the periplasm. Typically, they are 15 to 30 residues in length and consist of three distinct regions: a positively charged amino-terminal n region, a central hydrophobic h region, and a more polar carboxy-terminal c region which is terminated by a cleavage site conforming to the so-called (-3,-1) rule (32, 44) . At first glance, the beginning of the cycM gene product appeared to coincide with some of these features, e.g., in having a hydrophobic domain (positions 9 to 31) and two potential, alternative cleavage sites: Ala-Asn-Ala at positions 27 to 29 and Leu-Phe-Ser at positions 30 to 32 (Fig. 4) . The first site was located within the region proposed to form a transmembrane segment and therefore might be inaccessible for leader peptidase. The second site was located right at the end of the hydrophobic domain and may thus be subject to cleavage. However, the sequence at this site was quite unusual in two respects: (i) all signal peptides of bacterial c-type cytochromes prefer alanine at positions -1 and -3, and (ii) there is a very strong preference for negatively charged residues in position +2, whereas a sequence with lysine or arginine in +2 has never been found (44) . Therefore, the second potential cleavage site is also unlikely to be functional. Another argument against the presence of a presequence that is destined to be cleaved off arises from the membrane location of the cycM gene product: if the hydrophobic domain were to be removed by processing, the exclusive occurrence of CycM in the membrane fraction would be very difficult to explain.
Moreover, the apparent molecular weight in SDS-polyacrylamide gels would then have to be significantly lower than the observed 20,000. Finally, the net charge of the segment preceding the hydrophobic domain was calculated to be 0 or -1, which is in contradiction to the requirement (a net positive charge) established for functional signal peptides.
This poses the question of how the periplasmic targeting of the heme-binding domain of CycM to the periplasm is guaranteed despite the absence of the positive charge typically found at the cytoplasmic sites of signal peptides and membrane anchors. As will be discussed below, the cytochrome bc1 complex appears to play an essential role in this process by supporting the assembly of CycM. In summary, the aforementioned arguments imply that the N-terminal region of CycM represents a structure which, although it somehow resembles signal peptides, is not cleaved and thus anchors the heme-binding domain to the membrane. So far, a membrane-anchor of this kind has been reported only
B.japonicum (28) . Amino acids identical with those of CycM are boxed. Asterisks indicate positions which were found to be invariant among 95 sequences from mitochondrial cytochrome c (28) .
for cytochrome c550 from Bacillus subtilis (45, 46) . In gramnegative bacteria, two other types of membrane anchors are known: a C-terminal stretch of hydrophobic amino acids in the case of cytochrome c1 and two long-chain fatty acids esterified to the N-terminal S-glycero-cysteine in the case of the reaction center cytochrome c from Rhodopseudomonas viridis (43, 47) .
In order to classify the predicted CycM protein within the heterogeneous group of bacterial c-type cytochromes, a homology search of a protein data bank was performed. Remarkably, mitochondrial cytochromes c proved to share the highest sequence identity with CycM (up to 53%); they were followed by cytochromes c2 from purple nonsulfur bacteria and related chemotrophic species (up to 44% sequence identity). Within the subclasses of mitochondrial cytochrome c and bacterial cytochrome c2, minimum pairwise sequence identities of 40 and 30%, respectively, were observed (31) . Since the values found for CycM clearly fall within this range, they should allow us to classify the protein as a novel member of this group of c-type cytochromes, despite the presence of an N-terminal membrane anchor and, as a consequence, an internal rather than more N-terminal location of the heme-binding site. Besides CycM, cytochrome c2 from Rhodomicrobium vannielii and R. viridis were also found to be more similar to selected groups of mitochondrial cytochrome c than to other bacterial c-type cytochromes (2) . These examples support the conclusion drawn from 16S rRNA analysis that the endosymbiont(s) that gave rise to mitochondria has to be placed in the a subdivision of the purple bacteria, which includes purple nonsulfur bacteria, rhizobia, agrobacteria, rickettsia, and several other chemotrophic genera not able to develop within eukaryotic cells (28, 48, 50) . Figure 6 shows an amino acid sequence alignment of CycM with cytochrome c from bullfrog and tuna and with cytochrome c2 from Rhodomicrobium vannielii and Agrobacterium tumefaciens, the only representatives of this subclass with sequence identities above 40%o. The homology with these soluble c-type cytochromes starts at position 71 or 72 of the cycM gene product and extends to the carboxy terminus. Among the residues conserved in CycM were a methionine (position 80 in tuna cytochrome c), which is the second axial ligand of the heme iron (28); the 13 hydrophobic residues found to be in van der Waals contact with the heme macrocycle (28) ; and three of the lysine residues (positions 13, 72, and 87 in tuna cytochrome c), which were shown by chemical modification to be important for the interaction with ubiquinol-cytochrome c oxidoreductase and/or cytochrome c oxidase (25, 31) . The sequence similarities imply that the three-dimensional structure of the heme-binding domain of CycM and its mode of interaction with reductase and oxidase may be quite similar to that determined for mitochondrial cytochrome c.
The complementation studies reported in this work indicated that the lack of cytochrome aa3 in mutant COX122 was not due to a polar effect of the Tn5 insertion in cycM on a downstream gene. Such an effect could also be excluded in the case of JbcFH mutants (strains 2800 and 3067), which lacked not only the bec complex but also cytochrome aa3 as well as the CycM protein (41) . A likely explanation for the observed pleiotropic effects in B. japonicum is the assumption that the bec complex, the CycM protein, and cytochrome aa3 form a complex whose assembly in the membrane occurs only in a strictly unidirectional order: bc1 first, CycM second, and aa3 third. Such a ubiquinol-oxidase supercomplex has been isolated from Paracoccus denitrificans; besides the components of the bec complex and the aa3 complex, it contained a membrane-bound 22K cytochrome c (c552) which allowed ubiquinol oxidase activity in vitro in the absence of any added soluble cytochrome c (5). The function of this 22K protein in electron transfer from bec to aa3 was further supported by studies by Bolgiano et al. (6) . Although direct proof for a similar function of CycM in B. japonicum is lacking at present, the observed sequence homology with mitochondrial cytochrome c provides a strong argument in favor of it.
Models for the interaction of mitochondrial cytochrome c with its reaction partners rely on the opinion that there is one single site of electron entry and exit which is enclosed by a positively charged interaction surface recognized by both reductase and oxidase (31) . In the case of the membranebound CycM protein, only those models which involve lateral diffusion and rotation of the protein rather than free diffusion can be applied. One of these models assumes that cytochrome c rotates between an oxidase site and a reductase site in a ternary complex of the three proteins (1, 8, 27, 29) . In view of a possible bcl-c-aa3 supercomplex, this model is particularly attractive for B. japonicum. It also would explain the presence of the hydrophilic central part of CycM (positions 32 to 72), which shows no significant sequence similarity to other proteins. Its function may be that of a linker which allows the required rotational mobility of the catalytically active part of the protein.
